A B S T R A C T Extracellular volume expansion (ECVE) was produced, by normal saline infusion, in five normal and six thyroparathyroidectomized anesthetized dogs while glomerular filtration rate was reduced by the inflation of an intra-aortic balloon located above the renal arteries. The effect of ECVE on the maximum renal tubular reabsorptive capacity of phosphate (phosphate Tm) was also evaluated in five additional dogs. During ECVE, phosphate excretion increased both in normal and thyroparathyroidectomized dogs, and a direct and significant correlation was found between the fractional excretion of phosphate and sodium. Despite a substantial decrease in filtered phosphate which is produced by the acute reduction in glomerular filtration rate, phosphate excretion, during ECVE, exceeded control values. ECVE was associated with a reduction in phosphate Tm. The results demonstrate that ECVE increases phosphate excretion independent of changes in glomerular filtration rate and parathyroid gland activity. The data indicate that ECVE produced by saline infusion decreases the renal tubular reabsorption of phosphate.
INTRODUCTION
Evidence exists that extracellular volume expansion (ECVE), which is produced by saline infusion, causes a definite decrease in the renal tubular reabsorption of several actively transported substances, such as sodium (1) (2) (3) , calcium (4) (5) (6) , magnesium (5, 7) , and glucose (8) . The reabsorption of the last two is limited by a This work was presented before the 2nd Annual Meeting of the Ameriican Society of Nephrology.
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Received for publication 30 December 1968 and in revised form 12 March 1969. maximum capacity (Tm) (9, 10) , and it has been shown that during ECVE both glucose Tm and magnesium Tm are lowered (8, 10) . Phosphate is actively reabsorbed by the nephron and its reabsorption exhibits a maximum capacity or Tm (11) . Although ECVE may also decrease the tubular reabsorption of phosphate, data on the effect of saline infusion and ECVE on phosphate excretion are limited. In some of the experiments carried out in the dog by Foulks and Perry (12) , ECVE was associated with phosphaturia which they attributed, at least in part, to the increase in filtered phosphate. Blythe, Gitelman, and Welt (6) , while evaluating the effect of ECVE on calcium excretion in dogs, found that phosphate excretion during ECVE and acute reduction in filtered phosphate was either less than, or not statistically significantly different from, the control levels. However, in most of their experiments the fraction of filtered phosphate excreted was higher than the control values, a finding suggesting a decrease in tubular reabsorption of phosphate.
During ECVE, glomerular filtration rate and filtered phosphate may increase, resulting in phosphaturia. Also, hemodilution, which follows ECVE, may lower serum calcium, which in turn may stimulate the release of parathyroid hormone. The latter may, 'in itself, cause phosphaturia (13) . The present study was designed to evaluate whether ECVE may effect renal handling of phosphate independent of both filtered load and a possible change in activity of the parathyroid glands. METHODS 20 experiments were carried out during pentobarbital anesthesia on 11 normal and 6 thyroparathyroidectomized (T-PTX) female mongrel dogs. Thyroparathyroidectomy was performed under pentobarbital anesthesia, 2 days before the study. The complete removal of the parathyroid The Journal of Clinical Investigation Volume 48 1969 glands was confirmed by the appearance of hypocalcemia. Respiration was controlled by a Harvard respirator pump which was adjusted initially with a stroke volume of 10 ml/kg body weight and a rate of 30 strokes/min. Arterial pH was measured throughout the experiment by Radiometer pH meter (London Co., Westlake, Ohio), and the stroke volume was adjusted, thereafter, to maintain blood pH within 7.39-7.43. Usually little adjustment was necessary. Glomerular filtration rate (GFR) was measured by exogenous creatinine clearance. Urine was collected from a retention catheter, and the bladder was washed with air at the end of each period from an indwelling needle in the left femoral artery.
In 11 dogs (five intact and six T-PTX), a triple-lumen catheter (U. S. Catheter & Instrument Corp., Glens Falls, N. Y.), with a balloon attached to its distal end, was inserted via the right femoral artery into the aorta to a level above the renal arteries. Abrupt inflation of the balloon invariably led to cessation of urine flow and confirmed its location above the renal arteries. Intra-aortic pressure was monitored, both proximal and distal to the balloon, by mercury manometers. After collection of three control clearance periods of 20 min duration, between 9 and 10 a.m., 0.9% NaCl was infused to both the normal and T-PTX dogs at a rate of 20 ml/min for 90 min; the rate of saline infusion was then reduced to equal urine flow. After 30 min, another three clearance periods, each of 10 min, were obtained. Acute reduction in GFR was then produced by inflation of the intra-aortic balloon; 5 min were allowed for the distal intra-aortic pressure to stabilize at 60-70% of its control levels. Each inflation period lasted 20-40 min, and urine was collected for three to five clearance periods, each of 5-7 min duration. In some instances the distal intraaortic pressure was further reduced to 45-55% of its initial level for two to three additional clearance periods.
In six additional normal dogs, the phosphate Tm was measured during the infusion of 0.9% NaCl. Saline was infused in a manner similar to that described above. After 120 min of saline infusion, and while the latter is continued at a rate equal to urine flow, a buffered solution of sodium phosphate was added to the infusion to deliver 30 mg of elemental phosphorus per kg per hr. The phosphate infusion was given for 3 hr during which clearance periods, each of 20 min, were collected. In three of these dogs phosphate Tm was also measured in a similar way but in the absence of saline infusion; several days separated the studies carried out in the same dog. Blood samples were analyzed for creatinine, calcium, and sodium, and urine samples for creatinine and sodium by methods previously reported from this laboratory (5). Phosphate was determined by the method of Fiske and Subbarow (14) .
RESULTS
A detailed protocol of a representative experiment with saline infusion and acute reduction in GFR in a normal dog is shown in Table I , and that in thyroparathyroidectomized (T-PTX) animal is given in Table II . A summary of all experiments is presented in Table  III ; each data point represents a mean of three to five clearance periods. In every experiment, both in normal and T-PTX dogs, saline infusion was accompanied by a fall in serum calcium of 1.5-3.0 mg/100 ml and a marked increase in phosphate excretion. The fraction of filtered phosphate excreted increased during saline infusion and was directly related to fractional sodium excretion both in the normal and T-PTX dogs ( Figs. 1 and 2) . However, at any given level of fractional sodium excretion, the per cent of filtered phosphate excreted by the normal dogs exceeded that observed in the T-PTX animals. As fractional sodium excretion increased from 10 to 20% in both the normal and T-PTX dogs, the per cent of filtered phosphate excreted was 10-45% in the former and only 5-15% in the latter.
GFR was reduced by 13-52% (mean SE, -22 ±5%) in normal dogs and by 15-36% (-24±3%) in T-PTX dogs by the inflation of the intra-aortic balloon. Subsequently, filtered loads of phosphate fell by 25 ±5% in normal dogs and by 29 ±2% in T-PTX dogs. Despite the reduced filtered loads of phosphate, its excretion exceeded the control levels in all experiments.
In Table IV (11, 12) . The values for phosphate Tm for two dogs calculated from data of Pitts and Alexander (11) were 168 and 200 ug/min per kg body weight, and those for another two dogs form the work of Foulks and Perry (12) were 167 and 206 /ug/min per kg body weight. In the present study, when phosphate Tm was measured both with and without ECVE in the same dogs (Nos. 15, 16, and 17) , the values were 214, 175, and 232 ,ug/min per kg body weight before and 115, 69, and 108 /Ag/min per kg body weight after ECVE, respectively (Fig. 3) .
DISCUSSION
The results of the present study demonstrate that phosphate excretion is increased during ECVE. The factors which may be responsible for this phosphaturia include: (a) a rise in GFR and filtered phosphate; (b) an increase in parathyroid activity consequent to the fall in serum calcium; (c) phosphate secretion; and (d) a decrease in tubular reabsorption of phosphate.
Saline infusion and ECVE were usually associated with a rise in both GFR and filtered load of phosphate. However, this cannot solely explain the observed phosphaturia, since the excretory rates of phosphate noted during ECVE exceeded control levels even when GFR Phosphate Tm = maximum renal tubular reabsorptive capacity of phosphate, CCr = creatinine clearance, Sp = serum inorganic phosphorus, Fp = filtered phosphate, UpV = phosphate excretion, TRP = tubular reabsorption of phosphate.
The data represent sequential individual clearance periods in each dog.
and filtered loads were acutely reduced below control values by the inflation of the intra-aortic balloon. The fall in serum calcium observed during saline infusion may stimulate the parathyroid glands, and an increased release of parathormone could underly the phosphaturia seen in the normal dogs. However, the augmentation of phosphate excretion during ECVE in the T-PTX animals indicates that phosphaturia did occur even in the absence of parathyroid glands. The difference in the magnitude of fractional phosphate excretion between the normal and T-PTX dogs indicates that the presence of intact parathyroid glands and a probable increase in circulating parahormone may contribute significantly to the greater degree of phosphaturia noted during ECVE in the normal animals.
The possibility that phosphate secretion may account for the results cannot be excluded, but such an event seems remote. Efforts to demonstrate phosphate secretion in the dog (15) or the rat (16) have been unsuccessful. Furthermore, if such a secretory process does exist it must be of a very small magnitude, which could not account for the marked changes in fractional phosphate excretion.
Since the increase in phosphate excretion during ECVE occurred in the face of a marked reduction in filtered load, a decrease in the tubular reabsorption of phosphate seems most likely. In addition, measurements of phosphate Tm show that ECVE is associated with a fall in Tm rate. These results suggest that the kinetics of phosphate reabsorption may be altered during ECVE. The decrease in tubular phosphate reabsorption may not be explained on the basis of increased velocity of tubular fluid flow, since osmotic diuresis with a comparable degree of salt and water excretion (17) has no effect on phosphate reabsorption.
ECVE may affect a key rate-limiting step in the transport process of phosphate. Such a mechanism was suggested to explain the reduction in tubular glucose transport observed during ECVE (8) . Evidence exists to suggest that some step in the reabsorptive mechanisms for glucose is common to that for phosphate (18) . It is possible that events which occur as a consequence of ECVE (19) may affect such a common step in the renal transport of both glucose and phosphate.
Early, Martino, and Friedler (20) showed that a change in the interstitial fluid volume in relation to tubular fluid may underly the decrease in the tubular reabsorption of sodium during ECVE. A similar mechanism may also be responsible for the change in phosphate reabsorption. The close relationship between the fractional excretion of sodium and phosphate strongly suggests some factor (s) which is operative during ECVE decreases the tubular reabsorption of both phosphate and sodium.
In humans with chronic renal disease, there is reduced fractional reabsorption of sodium (21), calcium (22) , and magnesium (22) in a pattern analogous to that observed in experimental animals undergoing ECVE (23) . Furthermore, the same fraction from plasma of both uremic patients and animals with ECVE has been shown to impair p-aminohippurate transport by slices of renal cortex (19) . The latter observation suggests the existence of a possible humoral factor which might be responsible, at least in part, for the reduced reabsorption of sodium and other substances in both uremia and ECVE. It has been shown that the reduced fractional reabsorption of phosphate observed in uremia is primarily caused by the increased activity of the parathyroid glands (24, 25) . In patients with advanced renal failure (GFR < 10 ml/min), the circulating levels of parathyroid hormone are greatly elevated (26) , possibly to a degree that there may be maximum reduction of phosphate reabsorption; indeed, the administration of exogenous hormone to such uremic patients did not increase fractional phosphate excretion (25, 27) . In spite of the possibility that there may be a maximal effect of parathyroid hormone on the renal tubules, fractional phosphate excretion varies widely in patients with advanced renal failure (22, 25, 27) .
The demonstration, by the present study, that ECVE reduces tubular reabsorption of phosphate permits the suggestion that factor(s) common to both ECVE and uremia could decrease the fraction reabsorption of phosphate independent of parathormone activity. Theoretically, changes in this factor (s) could contribute to variations in the magnitude of fractional phosphate excretion in uremia.
